Conventional methods of determining the coupling factor a2(w)F(w) for the newly discovered high transition temperature (To) cuprate superconductors by using tunneling and infrared measurements have thus far failed to show the cause of the very high T, of these compounds. This is due in part to difficulties in sample preparation for tunneling studies and to difficulties in obtaining good data at relatively high tunneling voltages. Also, in 1k (infrared) measurements, small differences in absorptivity between the normal and superconducting state can be masked by changes in the phonon occupation at high and low temperatures. Here we propose a technique for determining the coupling constant, which should be less dependent on the surface quality of the sample than with tunneling and should allow measurements at higher energies with greater precision than do tunneling or simple IR observations. This should make possible a definitive determination of any possible exciton contribution to this coupling term, which would appear at energies well above the range where conventional IR or tunneling measurements are effective.
neling voltages. Also, in 1k (infrared) measurements, small differences in absorptivity between the normal and superconducting state can be masked by changes in the phonon occupation at high and low temperatures. Here we propose a technique for determining the coupling constant, which should be less dependent on the surface quality of the sample than with tunneling and should allow measurements at higher energies with greater precision than do tunneling or simple IR observations. This should make possible a definitive determination of any possible exciton contribution to this coupling term, which would appear at energies well above the range where conventional IR or tunneling measurements are effective.
The recent discovery of superconductivity at temperatures close to 100 K (1, 2) has raised questions as to whether these superconductors represent a new class of materials with a totally different type of superconductivity from that found in other metals and alloys (3), whether they are basically the same type of superconductors, but ones in which some additional mechanism (4) is present that allows the superconductivity to persist to extraordinarily high temperatures, or whether the mechanism is the same but its strength is very great. While experiments have begun to uncover clues to the answer to these questions, experimental difficulties (some of which are intrinsic to these materials) have thus far frustrated efforts to determine the detailed nature of the coupling mechanism. In this paper, we propose an experimental technique that should help determine the nature of the coupling mechanism. We first discuss two other areas that are closely related to our proposal, one involving tunneling studies of superconductors and the other involving studies of the far-IR (infrared) absorption of these materials.
Tunneling Studies
Incontrovertible proof that phonons are responsible for the attractive interaction in most superconducting metals and alloys has been obtained by tunneling studies (5) . One can obtain the electronic density of states N(co) in the superconducting state from an analysis of the current vs. voltage characteristics of junctions of these metals. This density can be shown (6) in the Bardeen-Cooper-Schrieffer (BCS) theory to be given by the expression: N(co) = +NN(w)Re [/-(a') 1, [1] where Cl is the frequency or energy (i = 1) measured with respect to the Fermi energy, NN(w) is the density of states in the normal state, and A(w) is the complex gap function at the energy a. Re[. .] designates the real part of the expression in brackets. From a determination of N(o) one obtains A(co). This gap function is related to the coupling term a2(co)F(cw), which expresses the frequency (or energy) dependence of the product of the electron-phonon coupling function a2(w) and the phonon density of states function F(w) through the Eliashberg integral equation (7, 8) . This gap equation can be inverted to obtain a2(w)F(w) from a knowledge of A(w). The result may be compared with the peaks of F(w) determined from neutron-scattering experiments, which, together with a comparison of the experimental value of T, (transition temperature), provides evidence that, of the many metals examined thus far, the interaction mediated by the phonons is both sufficient and necessary to explain the values of T, observed.
Those metals for which the function a2(w)F(w) has been determined have superconducting TCs below 23.0 K. The cuprate superconductors (1, 2) , on the other hand, have TCs ranging from 35 K to 98 K and correspondingly larger gaps. We have suggested that these high TCs may be due to an exciton (electronic excitation) (9, 10) , which provides an electron-exciton attractive contribution in addition to one mediated by the phonons. Such electronic excitations are expected to have energies of 0.1 eV to several eV (1 eV = 1.602 x 10-19 J), which are significantly higher than the excitation energies of the phonons (0.05 eV) and will show themselves in the gap function A(cw), just as do the phonon excitations. Observation of these excitations in tunneling experiments is difficult because they require correspondingly higher tunneling voltages, which can cause breakdown and destruction of the thin (=20 A) insulating film of the tunnel junction. The problem is exacerbated by the presence of thick nonconducting surface layers on these materials, which prevent the formation of good junctions with the underlying material. Because of these difficulties, information on the cuprates gained from tunneling has been confined to determinations of the gap at the lowest energies. These and other difficulties of obtaining data from thin-film, point-contact, and break junctions are reviewed by Gray et al. (11) , and general information on tunneling may be found in Wolf (12) and McMillan and Rowell (5).
Abbreviations: T,, transition temperature; BCS, Bardeen-CooperSchrieffer.
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Far-JR Studies of Superconductors
Information on the energy gap can also be obtained from observations of the optical properties of a superconductor in the far-IR. Glover and Tinkham (13) first showed the existence of the gap from measurements of the change of optical conductivity of the metal below the superconducting T,. A detailed expression for the absorption of radiation in the superconducting and normal states was derived by Mattis and Bardeen (14) in the anomalous skin effect regime where the electron mean free path is much larger than the penetration depth of the radiation into the metal. Joyce and Richards (15) refined the measurements of the absorptivity of Pb in the far-IR and observed an additional absorption above that expected from the Mattis-Bardeen calculation. They attributed this to the Holstein mechanism (16), in which the incident photon is absorbed in a second-order process resulting in the creation of both an electron-hole pair and a phonon. These mechanisms have been discussed in depth by Allen (17) in the weak coupling limit of the BCS theory (in which the gap function A is assumed to be independent of w), and by Nam (18) , taking into account strong coupling effects. Farnworth and Timusk (19) were able to extract further information on the phonon density of states in Pb through high-resolution measurements by using Allen's theory. More recently, Sulewski et al. (20) cT(cw) = [2] where Co.p is the plasma frequency and r is the relaxation time. Under conditions where ar>> 1 and w << wpi, one finds that the attenuation K = (2&,p/c)(1 -3/8(1/W2c2)). The relaxation time r and hence K will be different in the normal (N) and in the superconducting (S) states. Then the difference in the optical intensity of the light passing through the film when the film is normal IN and when it is superconducting Is will be given by:
We will now derive an expression for these relaxation times.
The relaxation time may be due to scattering of the electrons by impurities, by phonons, or by other excitations. The result (2) comes about by treating to second order the sum of Physics: Little and CoUman the radiation field term and the impurity or phonon interaction terms in the Hamiltonian of the electrons. This absorption is known as volume absorption and comes about through a two-step process involving the creation of an electron-hole pair of finite momentum by the radiation field together with a phonon through the electron-phonon interaction, which then provides the necessary momentum to conserve the overall momentum. Likewise, a process involving the radiation field and an interaction with impurities can provide a similar absorption path. Allen derives an integral for the relaxation times in the normal state (N) and in the superconducting state (S) and upon evaluation of these integrals obtains the following expressions: l/Thph = (2X/(S) dfl( -fl)2F(fl) [4] 1/TS,ph = (27r/(o) [6] where i and ph refer to the impurity and phonon terms, respectively, E is the complete elliptic integral of the second kind, and the assumption has been made that the gap function A is independent of frequency. We wish now to generalize the results of Allen to take into account the frequency dependence of the gap parameter. For brevity, we will limit ourselves to the treatment of the case of impurity scattering and leave the case of phonon scattering to a later paper. We will show that when one takes into account the frequency dependence of the gap in computing the relaxation times analogous to Eqs. 5 and 6, then the frequency dependence of the optical absorption of light passing through a thin film of a superconductor will contain information on the frequency dependence of the gap function itself. Measurements of this absorption can be made throughout the IR and visible parts of the spectrum, where any excitonic or Coulombic contributions to the gap function would reveal themselves.
The predicted difference between the absorption in the normal and superconducting states is small, only a fraction of a percent. So, to obtain this information, measurement should be made of the intensity of transmitted light while modulating the amplitude of the gap. This is accomplished by passing through the film an alternating current, of sufficient strength to drive the film normal, or close to normal, twice per cycle. The light transmitted through the film will then be modulated in intensity at twice the frequency of the current and could be detected by a lock-in detector locked to the frequency and phase of the current through the film.
Nam (18) has calculated the optical conductivity of a superconductor for a frequency-dependent gap function. Using Nam's results and Allen's expression for the average over the Fermi sea of the effects of impurity scattering, we obtain the following expression for the frequency-dependent relaxation rate in the low temperature limit T = 0 K:
Re{( Re{((, (0i) 1) I( )) [7] These factors represent the product of the density of the ini- real part of the gap function changes sign a little above the frequency of the highest frequency contribution to G(w). This is more obvious in Fig. 2 , where G(w) and the real part of the gap, respectively, are plotted against frequency on a linear rather than a logarithmic scale (as are Fig. 1 a and b) . This occurs because the gap changes its sign in response to the change of sign of the net interaction from the presence of the repulsive contribution of Au at these higher frequencies.
In Fig. 3b , we show the result obtained by integrating Eq. 7 numerically, with the gap functions shown in Fig. 1 b and Fig. 3b can be understood by considering the integral in Eq. 7 and noting that, for frequencies such that W>> A, the major part of this integral comes from those regions in which wi and (w -cot) are both >>A. In these regions, one may expand the radicals and obtain the following approximation to the integral: {1 + (1/2)('K + )fdwi. [8] From this it is clear that for those regions in which A(w1) and A(w -wl) are of the same sign their contributions will add in the square. On the other hand, for those regions where these terms differ in sign they will partially cancel. This cancellation can only occur for values of the frequency that allow or (co -we) to be large enough within the limits of the integral to allow A(w^) or A(co -wc) to change sign.
The analysis we have given is for the impurity case. A somewhat similar expression for the conductivity is obtained calculated from the coupling constant shown in a. Notice the peak in this function near the exciton peak of G(w) and the reversal of sign just above the phonon peak and more strongly above the exciton peak.
for a pure material in the anomalous scattering regime. However, as shown by Mattis and Bardeen (14) , the appropriate coherence factor in this case results in a negative sign between the two terms in Eq. 7 instead of the positive sign obtained for impurities. A similar analysis to that used to derive Eq. 8 then gives a similar expression but with the sign between A(Zo) and A(w -eo) reversed. In this case, one should see an increase in this factor just above the highest phonon frequencies. This behavior is indeed shown in the experimental work quoted by Nam on Pb and is illustrated in Scalapino's paper (8) . The data were obtained by measuring the absorption in the normal and superconductivity state separately and then taking their ratio, rather than by dynamically modulating the gap as proposed here and observing the difference signal. However, it illustrates the effect predicted here for the case where phonons are the highest energy excitations.
In summary, we have proposed a way in which one may obtain information on the excitations responsible for mediating the electron-electron interaction in a superconductor. We have assumed that the superconductor is a conventional superconductor in which a gap function exists and the gap function is described by the Eliashberg equations as it is for a BCS superconductor. We have shown that by modulating the magnitude of the gap in a thin-film superconducting sample with a near-critical current, the optical transmission will be modulated and the amplitude and phase of this modulated intensity will contain information of the gap function and, hence, of the excitations that mediate the attractive interaction between members of the superconducting pairs. The modulation of the optical transmission is expected to be small at the high energies at which the technique would be useful, but this should be observable with lock-in detection. We have also shown that a characteristic change of sign of this signal will occur when the energy of the light exceeds the highest energy excitations that contribute to the binding of the pairs. electronic and magnetic excitations. That distinction could be made by suitable spectroscopic means. We expect this gap-modulation spectroscopy to be of special value in elucidating the attractive interaction in the newly discovered high Tc cuprate superconductors. It would also be useful to apply the technique of temperature-modulation spectroscopy (23) to a study of the normal state of these materials to determine the nature of the excitations observed in the near-IR. This could be done by cyclically heating the film with a similar, but larger, alternating current and detecting the modulation of the optical absorption with a similar lock-in procedure.
